Terahertz Radiation by an Ultrafast Spontaneous Polarization Modulation of Multiferroic BiFeO 3 Thin Films

TAKAHASHI Kouhei and TONOUCHI Masayoshi
(Institute of Laser Engineering)
Introduction
M
ultiferroic magnetoelectrics is now one of the most highly interested classes of materials in material science [1] . This is due to their unique feature of exhibiting simultaneous ferroelectricity and ferromagnetism in the same phase. Therefore, the multiferroics have all the potential of both ferroelectric and ferromagnetic materials, which are widely installed in many of the technological devices that we use in our daily life today. In addition, the coupling between ferroelectricity and ferromagnetism makes these materials more special, giving rise to many intriguing phenomena and eventually, allowing us to develop various types of new optoelectronic devices utilizing such novel features [1] .
Among the multiferroics, perovskite BiFeO3 is the most promising, presenting multiferroism at room temperature and exhibiting an extremely large spontaneous polarization Ps in thin film form [2, 3] . Here, we have developed a novel functionality of multiferroic BiFeO3 thin films, that is, terahertz (THz) radiation via an ultrafast modulation of Ps triggered upon an illumination of femtosecond laser pulses. The radiated THz pulses from BiFeO3 thin films directly reflect the change of the polarization state giving rise to a memory effect in a unique style and also making it possible to visualize the 180˚ ferroelectric domain structures. Our findings provide a new approach to ferroelectric nonvolatile random access memory as well as ferroelectric domain imaging microscopy.
Novel terahertz radiation characteristics of multiferroic BiFeO3 thin films
THz radiation via illumination of femtosecond laser pulses provides considerable interest for various applications such as imaging for biomedical diagnosis and security, time-domain spectroscopy for material characterization, and a tool to evaluate the ultrafast dynamics of photoexcited charge carriers, known by the term "THz emission spectroscopy" [4, 5] . Accordingly, intensive studies have been carried out on THz radiation from photoconductive switches fabricated on various materials, including standard semiconductors, high-transition-temperature cuprate superconductors, and colossal magnetoresistive manganites [6] [7] [8] [9] . The THz radiation characteristics of multiferroic BiFeO3 thin films presented here differ entirely from such precedents and provide an alternate route to THz radiation based on the photoconductive approach.
Generation of a single-cycle THz pulse from a photoconductive switch fabricated on a BiFeO3 thin film was achieved by carrier excitation upon illumination of femtosecond laser pulses with a center wavelength of 400 nm. The time-domain waveforms of the radiated THz pulses were measured by a photoconductive sampling technique using a low-temperaturegrown GaAs photoconductive switch as the detector. Figure 1a shows two time-domain THz waveforms radiated from the BiFeO3 photoconductive switch measured at zero-bias electric field, once after applying a bias electric field Ebias of ±200 kV/cm. The THz waveforms show an identical Fourier transformed amplitude spectrum exhibiting a frequency component extending up to 1 THz, (Fig. 1b) and obviously, have a reversed phase by with one another. This feature definitely expresses a ferroelectric peculiarity that the history of Ebias is memorized and the remnant polarization of BiFeO3 substitutes for Ebias. Further supporting this aspect, a distinct feature was observed as we measured the main peak amplitude of the THz pulse ETHz as a function of Ebias (Fig. 1c) . In the photoconductive switches reported so far, which are all non-ferroelectric materials, ETHz generally has a linear relationship with the applied Ebias reversing its phase by when the polarity of The following is a comment on the published paper shown on the preceding page.
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Ebias is reversed. However, in the case of BiFeO3, we observed a clear hysteresis loop which looks familiar with the typical polarization hysteresis loop observed in common ferroelectrics. These characteresitics strongly indicates the direct relationship of THz radiation with Ps, and implies that the THz radiation here is derived from the ultrafast Ps modulation introduced by the mobile photoexcited charge carriers.
Possible applications
The unique characteristics open a way to a variety of applications using THz radiation as a sensitive probe. One such example is a new type of readout in nonvolatile random access memory, where the writing is performed by the application of Ebias, and the reading by the detection of THz radiation. Here, the "0", "1" information will be determined by the signs of ETHz, whether positive or negative. Since the "on" and "off " operation of laser illumination, namely the trigger for THz radiation, does not induce a change of the polarization state, this process can be regarded as a nondestructive readout.
Secondly, with the THz radiation exhibiting direct relationship with the polarization state, scanning of the two-dimensional distribution of ETHz allows us to visualize the ferroelectric domain structures by distinguishing the polarization state from the signs of ETHz. This technique is known as THz emission microscopy, and has previously been demonstrated to obtain microscopic current distribution images in various electronic materials [10, 11] . Utilizing this imaging technique, we show in Fig. 2 , two kinds of ferroelectric domain images of a section of the BiFeO3 thin film measured at zero-bias voltage after applying a bias voltage Vbias of ±200 V. Domains with opposite polarization states appear as blue and red areas depending on the sign of ETHz. By comparing the two images, one can see that only the domains between the electrodes has changed their states by the application of opposite Vbias, while the other areas are independent of Vbias and remain unchanged. Note that we also observed THz radiation even in the areas apart from the electrodes where the domains had not been artificially aligned. However, the intensity of ETHz in these areas is relatively weak presumably because the domains are not aligned neatly as it is between the electrodes. These imaging results indicate that THz radiation occurs from individual ferroelectric domains and the intensity of ETHz is determined by the average of the electric dipole moments of which the laser spot covers. Since the spatial resolution of this imaging technique depends on the diameter of the laser spot, we assume that a more detailed domain structure can be observed by focusing the laser spot down to a submicrometer scale.
Outlook
For further progress, investigation of the THz radiation characteristics under magnetic field is a promising approach. Since BiFeO3 belongs to a class of multiferroics, such measurement shall give rise to an additional degree of freedom in the THz radiation property, enabling us to control the intensity and the phase of the THz pulse by both electric field and magnetic field. This will then provide us a novel approach to design a multifunctional opto-magneto-electronic device. 
